Flexible electronics that utilize bendable and foldable components have potentially broad impact in many applications including clean energy, consumer electronics, and biomedical devices.^[@ref1],[@ref2]^ Conferring mechanical compliance and stretch-ability upon electronic devices permits conformability to curvilinear geometries and stable operation under strain.^[@ref3]−[@ref5]^ Stretchable and flexible devices are ideally suited for the fabrication of electronic biointerfaces, systems that seamlessly meld viable tissue with external hardware.^[@ref6]^ Recent applications of flexible bioelectronic interfaces include conformal sensors for recording neuronal activity *in vivo*, large format multielectrode arrays for *in vivo* tissue stimulation, and sensor arrays for real time *in situ* monitoring of neuron electrophysiology during mechanical insults.^[@ref7],[@ref8]^ The intrinsic Young's modulus of many materials and devices used in these applications ranges from 0.1 to 1 MPa, values that preserve device functionality under physiologically relevant strains.^[@ref9],[@ref10]^ However, many electronically excitable cells and tissues in the human body including neurons and cardiac tissue exhibit Young's moduli between 1 and 10 kPa.^[@ref11]^ A mechanical mismatch at the biotic-abiotic interface can reduce the fidelity of electronic signal transduction through proposed mechanisms such as micromotion and loss of organotypic function.^[@ref12]−[@ref16]^

The ideal synthetic soft tissue biointerface would preserve electronic functionality while matching the mechanical properties of the native extracellular matrix of interest. Reducing the Young's modulus of electrically conductive structures from the megapascal (MPa) to the kilopascal (kPa) regime requires coordinated synthesis and material processing strategies. Hydrogel-based biomaterials have been widely adopted as soft matter biointerfaces including applications in nonfouling coatings for biosensors and electronic tissue-device interfaces. Hydrogel-based electrodes are ideal for such applications because of the chemical diversity and swelling to reduce the polymer volume fraction in the hydrated elastic networks.^[@ref17]^ These properties can produce hydrogels with hybrid electronic/ionic conductivity and mechanical properties that are similar to native extracellular matrix proteins.^[@ref18]^

Electronically active hydrogels have been prepared using several strategies including gelation of single-component precursors,^[@ref19]^ micropatterning of conducting polymers,^[@ref20]^ and *in situ* polymerization of aromatic monomers. These processing strategies can form interpenetrating networks of hydrogels with electronically active materials such as graphene,^[@ref21]^ poly(3,4 ethylenedioxythiophene) (PEDOT), polypyrrole (PPy), polyaniline (PANI), and other conjugated polymers.^[@ref22]−[@ref30]^ Small molecules can also be used for simultaneous doping and cross-linking of conjugated precursors.^[@ref31]^ Here, we describe the design, synthesis, and fabrication of dual networks composed of photo-cross-linkable heparin--methacrylate hydrogels and PANI nanofibers formed by *in situ* oxidative polymerization. These composite materials exhibit ultracompliant mechanical properties, maintain exceptional electrical conductivity, and support the adhesion and differentiation of myoblasts *in vitro*.

Results and Discussion {#sec2}
======================

Synthesis, Preparation, and Characterization of Primary Heparin Networks {#sec2.1}
------------------------------------------------------------------------

Swollen hydrogels represent an ideal class of starting materials for the synthesis and fabrication of ultracompliant electronically active biomaterials. Heparin was chosen as the primary hydrogel network because it is a naturally occurring biopolymer that can be functionalized in mild conditions. Heparins exhibit high anionic charge densities to promote large swelling ratios in water. Pendant sulfonate groups serve as strongly acidic groups to dope PANI. The degree of doping in PANI governs the intrinsic conductivity of secondary conjugated polymer network.^[@ref32]^ Heparin--methacrylate (Hep-MA) was selected as the primary network precursor, which can be cross-linked into networks *via* photoinduced free radical polymerization ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Equilibrium swelling ratios in water of *Q* \> 10 suggest that anionic Hep-MA hydrogels are ideally suited for *in situ* polymerization of aniline (ANI) to form electrically active hydrogels composed of Hep-MA/PANI dual networks.

![Synthetic scheme of Hep-MA/PANI hydrogel dual networks. Photo-cross-linkable heparin was prepared *via* conjugation with methacrylate groups. Primary heparin gel networks were formed through photo-cross-linking of heparin-methacrylate (Hep-MA) at UV wavelengths (λ = 365 nm). Hep-MA gels were then loaded with ANI monomers, which were then converted into PANI structures *viain situ* oxidative polymerization.](nn-2013-06019m_0001){#sch1}

Heparins reacted with methacrylic anhydride (MA) yield Hep-MA through esterification. The final degree of substitution (DS) from this procedure ranges 40 ± 5% on a per tetramer (4-unit repeat) basis. The kinetics of the network formation was studied by measuring methacrylate consumption by ^1^H nuclear magnetic resonance (NMR) spectroscopy. Methacrylate conversion was linear with time. The reaction rate was directly proportional to the heparin concentration ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). These data suggest that the polymerization rate follows zero-order reaction kinetics under these conditions. Hep-MA network formation requires initial precursor concentrations (hereby referred to as \[Hep-MA\]~0~) larger than 2% (w/w). Gelation times ranged from 60 min for Hep-MA~02~ (Hep-MA precursor concentrations of 2% w/w) to 25 min for Hep-MA~08~ and Hep-MA~10~ (precursor concentrations of 8% and 10% w/w, respectively) ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Equilibrium swelling ratios of primary Hep-MA networks ranged from 10.5 ± 0.8 to 17.5 ± 2.5 for Hep-MA~10~ and Hep-MA~02~, respectively ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [Table S1](#notes-2){ref-type="notes"}). Hep-MA networks are composed of interconnected porous networks with wall thicknesses that positively correlate with \[Hep-MA\]~0~. Hep-MA~02~ networks exhibit partially formed pores ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) with poor mechanical integrity. Hep-MA networks prepared using precursor solutions of \[Hep-MA\]~0~ ≥ 5% (w/w) exhibit a robust disordered cellular structure with pore diameters of approximately 30 μm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d). The compressive Young's moduli of swollen Hep-MA networks ranges from 8.0 ± 1.5 to 100 ± 9.8 kPa for Hep-MA~02~ and Hep-MA~10~ gels, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). These data confirm a positive correlation between \[Hep-MA\]~0~ and Young's modulus. Hep-MA~02~ networks exhibit viscoelastic behavior that is characterized by storage moduli *G*′ values in the sub-kPa regime that exhibit a marginal frequency dependence. Hep-MA networks prepared from \[Hep-MA\]~0~ \>5% (w/w) exhibit frequency-independent values for *G*′ which are significantly larger that corresponding values for *G*″ ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S1](#notes-2){ref-type="notes"}). These data indicate that swollen Hep-MA hydrogels are compliant yet elastic, making them ideal networks for *in situ* PANI polymerization. Hep-MA~05~ was selected as the primary network composition for PANI incorporation because it exhibits the smallest storage modulus while maintaining well-defined interconnected macropores.

![Photo-cross-linkable primary heparin networks showed large equilibrium swelling ratios. (a) The kinetics of methacrylate conversion in Hep-MA networks as a function of \[Hep-MA\]~0~. Primary network formation requires aqueous precursor solutions of \[Hep-MA\] \>2% (w/w). (b) The swelling kinetics of primary Hep-MA networks. Equilibrium swelling ratios were achieved after 4 h of swelling and exhibit *Q* \> 10 for networks for all values of \[Hep-MA\]~0~ in this study.](nn-2013-06019m_0004){#fig1}

![Primary Hep-MA networks are microporous. SEM images indicate the formation microporous networks with strut thicknesses that correlate with Hep-MA concentration. Networks were prepared from precursor solutions with the following concentrations of \[Hep-MA\]~0~ (a) 2, (b) 5, (c)8, and (d) 10% (w/w). The scale bars represent 50 μm, and all images were recorded at identical magnification.](nn-2013-06019m_0005){#fig2}

![Mechanically compliant photo-cross-linked Hep-MA primary hydrogel networks. (a) Representative stress--strain plots of Hep-MA~05~ hydrogels under compression shown along with (b) extracted values for Young's modulus. (c) Frequency sweeps of Hep-MA~05~ networks indicated that the storage and loss moduli of gels varied only slightly for ω between 0.1 and 100 rad s^--1^. (d) A summary of the values for storage modulus *G*′ at ω = 100 rad s^--1^ is shown for heparin-based networks as a function of \[Hep-MA\]~0~.](nn-2013-06019m_0006){#fig3}

*In Situ* Formation of Polyaniline Networks {#sec2.2}
-------------------------------------------

PANI is a well-characterized conducting polymer that can be synthesized within hydrogel networks *viain situ* oxidative polymerization.^[@ref30],[@ref33]^ PANI was incorporated into Hep-MA hydrogels through *in situ* polymerization and served as the electronically conducting component in dual networks ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Pendant sulfonic acid groups in Hep-MA were concurrently regenerated *via* ion-exchange of sodium sulfonate of the heparin salt during *in situ* polymerization. The macroscopic properties of the gel were preserved during this processing step.

The incorporation of secondary PANI networks into primary Hep-MA hydrogels was verified *via* FT-IR spectroscopy ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). All of the prominent signatures of acid-doped PANI emeraldine salts are present: C=C stretching deformation of quinoids and benzenoid rings at 1580 and 1496 cm^--1^; C--N stretching of secondary aromatic amines at 1302 cm^--1^ and in-plane bending of C--H in aromatic moieties at 1141 cm^--1^.^[@ref34]^ The absorption peak at 1600 cm^--1^ was assigned to the carbonyl groups in heparin, which indicated integration of primary Hep-MA networks with PANI. UV--vis spectra ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) exhibited prominent features at λ = 440 and λ \> 800 nm. These peaks indicated the presence of doped PANI networks within primary Hep-MA gels.^[@ref35]^ Taken together, these results suggest that strongly acidic pendant sulfonic acid groups within Hep-MA hydrogels can dope secondary PANI networks.

![Hep-MA/PANI dual networks formed *viain situ* PANI polymerization. SEM micrographs of Hep-MA primary networks (a) before and (b) after PANI polymerization indicated the formation of secondary PANI networks within the microporous structures of Hep-MA. Insets show macroscopic photographs. The formation of dual networks was confirmed through (c) FT-IR, and (d) the UV--vis absorption spectra of the PANI networks indicate that these networks are composed of partially reduced emeraldine salt (ES).](nn-2013-06019m_0007){#fig4}

The electrical properties of PANI networks were governed by controlling the ratio of initial concentrations of aniline (\[ANI\]~0~) and ammonium persulfate, APS, (\[APS\]~0~) during *in situ* PANI polymerization. The oxidation state and therefore the electrical properties of PANI can be influenced by the polymerization conditions.^[@ref36]^ Here, *in situ* oxidative polymerization of ANI preloaded within Hep-MA gels at \[ANI\]~0~:\[APS\]~0~ = 8:1 produced a dark green coloration, confirming the presence of highly conductive emeraldine salts within the Hep-MA/PANI dual network. UV--vis spectra of Hep-MA/PANI gels suggested that the PANI was partially oxidized ([Figure S2](#notes-2){ref-type="notes"}). Preloading of ANI monomers into Hep-MA hydrogels presented additional challenges in controlling the physical properties of the dual network. The ratio of \[ANI\]~0~:\[APS\]~0~ = 8:1 used for *in situ* PANI polymerization in this study was larger than the typical ratio of \[ANI\]~0~:\[APS\]~0~ = 1:1 that was usually used for ANI polymerization in solution.^[@ref37]^ A higher relative concentration of ANI was used in this study because the initial polymerization reactions occurred primarily at the macroscopic interface of the ANI-loaded Hep-MA gels. The surrounding solution can serve as a reservoir of APS that can then diffuse into the gel and react. Hep-MA/PANI networks prepared using \[ANI\]~0~:\[APS\]~0~ = 1:1 during *in situ* polymerization produces overoxidized PANI as inferred by the absence of emeraldine salts. The consequent formation of pernigraniline, the insulating form of PANI, was inferred from the dark violet coloration after PANI polymerization. In the case when \[ANI\]~0~:\[APS\]~0~ = 16:1, APS was rapidly depleted prior to the formation of percolating PANI networks. This was inferred from the formation of brown PANI oligomer within cross-linked Hep-MA gels. The absolute concentration of ANI was also critical during *in situ* oxidative polymerization of secondary PANI networks. The rate of PANI polymerization increased with \[APS\]~0~ and \[ANI\]~0~ increase.^[@ref38]^ Rapid PANI polymerization precluded the diffusion of ANI monomer throughout the primary Hep-MA network forming an impenetrable PANI film at the gel interface ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d). Nascent PANI structures formed on the surface occluded pores within the primary Hep-MA network, rendering the remaining volume inaccessible and ultimately preventing the formation of uniform percolating PANI networks.

Hep-MA~05~/PANI dual networks were composed of a percolating network of PANI nanofibers (approximate diameter of 50 nm) within a macroporous heparin network ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). PANI networks were integrated within the Hep-MA as no PANI precipitate was dislodged from the dual networks. These data suggested that macroporous Hep-MA networks serve both as a template for electrostatic stabilization and *in situ* formation of percolating PANI nanostructures. This observation is in agreement with previous reports that described the spontaneous and selective formation of PANI nanofibers in the presence of organic templates.^[@ref38]^ These results corroborate previous work in which the geometry of PANI nanostructures can be controlled by polymerization conditions.^[@ref39]^ The precise mechanism for controlling PANI morphology has yet to be elucidated.^[@ref40]^ Amphiphilic ANI monomers are implicated in the spontaneous formation of energetically stable micelles.^[@ref41]^ The interconnected porous structure of primary Hep-MA networks promotes the formation of high aspect ratio PANI structures, which can ultimately form percolating structures. The high anionic density of Hep-MA networks increased the loading of protonated ANI monomers into the gels through direct Columbic interactions. These advantageous properties of heparin gels have been utilized in the template fabrication of other conducting polymer structures.^[@ref42]^

Mechanical and Electrical Characterization of Dual Heparin/Polyaniline Networks {#sec2.3}
-------------------------------------------------------------------------------

Incorporating percolating PANI nanostructures increased the storage modulus from 800 ± 80 to 900 ± 100 Pa ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). These data suggested that the mechanical properties of the primary Hep-MA hydrogel networks were largely preserved, despite the addition of secondary PANI networks. The impact of PANI structures on the bulk Hep-MA~05~ hydrogel mechanical properties can be attributed to several physical properties. The porous microstructure of Hep-MA~05~ produced PANI nanofibers that create conductive percolating networks despite low volume fractions. Strongly anionic pendant sulfonate domains in the heparin backbone promoted a high swelling ratio *Q* in aqueous environments. A value of *Q* \> 10 ensures that the physical properties of the polymer network can be predicted by an extrapolation of the de Gennes model for semidilute solutions.^[@ref43]^ Finally, semiflexible rod-like PANI molecules exhibited intrinsic mechanical flexibility by virtue of freely rotating bonds on the polymer backbone.

![Incorporating secondary PANI networks generated redox activity without significantly impacting mechanical properties. (a) Frequency sweeps of Hep-MA~05~ and Hep-MA~05~/PANI gels indicate an increase in storage modulus of approximately 12% upon addition of the secondary PANI networks. (b) Cyclic voltammetry sweeps (second cycle) of networks composed of pristine Hep-MA~05~ and Hep-MA~05~/PANI hydrogel networks. Two oxidation (cathodic) peaks (C~1~/C~2~) and two reduction (anodic) peaks (A~1~/A~2~) correspond to redox activity of integrated PANI networks that transition between leucoemeraldine, emeraldine, and pernigraniline compositions (see text). Redox activity was stable over repeated cycling (see [Supporting Information](#notes-2){ref-type="notes"}).](nn-2013-06019m_0008){#fig5}

Cyclic voltammograms suggested that PANI structures within Hep-MA~05~/PANI dual networks were pseudocapacitive with two sets of redox peaks (C~1~/A~1~, C~2~/A~2~) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The first redox peak (C~1~/A~1~) defines the transition between semiconducting leucoemeraldine and electronically conducting polaronic emeraldine form. The Faradaic transformation of emeraldine to the fully oxidized pernigraniline was indicated by an additional redox peak (C~2~/A~2~).^[@ref44]^ Redox activity was largely absent from the primary pristine Hep-MA networks, which indicated that the secondary PANI networks were responsible for the observed features in the cyclic voltammograms. Peak anodic and cathodic currents increase with increasing scan rate. Oxidation (C~1~/C~2~) and reduction (A~1~/A~2~) peaks are shifted to more positive and negative potentials, respectively, as the scan rate is increased. These data indicate that redox reactions in PANI structures are quasi-reversible.

Hybrid electronic/ionic conductivity of Hep-MA~05~/PANI networks was strongly dependent on \[ANI\]~0~ during *in situ* polymerization. Hep-MA~05~/PANI networks formed using \[ANI\]~0~ = 0.1 and 0.5 M exhibited impedances of approximately 2 × 10^4^ and 1 × 10^4^ Ω at 0.01 Hz. Low-frequency impedances were significantly higher than those in Hep-MA~05~/PANI networks formed using \[ANI\]~0~ = 1 M, which exhibited an impedance of approximately 900 Ω at 0.01 Hz ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). The low frequency impedance was smaller than many previously reported values for conducting hydrogels.^[@ref15],[@ref45],[@ref46]^ These data can be attributed to the high surface area of the macroporous Hep-MA networks and nanostructured PANI in swollen Hep-MA/PANI dual networks. Incorporating secondary PANI networks using any value of \[ANI\]~0~ reduced the impedance at 1 kHz of pristine Hep-MA~05~ networks from *Z* = 34 Ω to a range of *Z* = 4.17--6.06 Ω. Hep-MA~05~/PANI networks formed using \[ANI\]~0~ = 1 M exhibited a projected low-frequency real term impedance *Z*′(Re) of 600 Ω.^[@ref47]^ Nyquist plots of Hep-MA~05~/PANI networks prepared using \[ANI\]~0~ ≠ 1 M suggested that the impedance was dominated by a constant phase element (CPE) that can be represented by *Z*~CPE~ = 1/\[*A*(*j*ω)^α^\] where *A* and α are constants, the latter of which is related to the phase angle in the Nyquist plot.^[@ref48]^ The CPE exhibits Warburg-like behavior where α ≠ 0.5 and was a strong function of \[ANI\]~0~ employed during polymerization. The presence of CPE suggests that these hydrogels exhibit a nonideal capacitance originating from inhomogeneous conductivity, microstructural defects in PANI,^[@ref49]^ or electrode materials with blocked diffusion.^[@ref50]^ The complex microstructure and large thicknesses (∼1 mm) precluded the application of established models to measure the relative contributions of electronic conduction (*via* PANI) and ionic conduction (*via* swollen Hep-MA).^[@ref51],[@ref52]^ Practical applications of these materials as bioelectronic interfaces require thicknesses significantly larger than 100 μm to prevent cells on the apical surface to sense the stiffness of the underlying substrate.^[@ref53]^

![Characterization of Hep-MA~05~/PANI networks using electrochemical impedance spectroscopy. (a) The full spectrum and (b) high frequency regime of Nyquist plots shown for Hep-MA~05~/PANI networks as a function of \[ANI\]~0~. (c) Bode plots of Hep-MA~05~/PANI networks shown for frequencies *f* between 0.01 Hz and 100 kHz. (d) Impedance values at *f* = 1 kHz shown for Hep-MA~05~/PANI networks prepared using a variety of values for \[ANI\]~0~.](nn-2013-06019m_0009){#fig6}

Hep-MA~05~/PANI networks prepared using \[ANI\]~0~ = 1 M exhibited a robust green coloration ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b; [Figure S2](#notes-2){ref-type="notes"}) and an absorption spectrum ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d) that is consistent with electrically conducting emeraldine salt.^[@ref35]^ These data suggest that pendant sulfonates in Hep-MA have sufficient density and strength to dope PANI networks. The \[ANI\]~0~-dependent behavior in *Z* can be explained by PANI morphology within Hep-MA~05~/PANI networks ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}; [Figure S3](#notes-2){ref-type="notes"}). *In situ* polymerization of ANI produced networks in the subpercolation threshold for \[ANI\]~0~ \< 1 M. Conversely, Hep-MA~05~/PANI networks formed using \[ANI\]~0~ \> 1 M produced solid PANI films that occluded the macroporous network and reduced network conductivity by eliminating PANI percolation and long-range ion diffusion. Hep-MA~05~/PANI networks formed using \[ANI\]~0~ \> 1 M produced PANI structures with a dark blue coloration. These data suggest that the PANI networks are composed of partially doped emeraldine base (EB) due to insufficient sulfonate groups of Hep-MA. Highly conductive Hep-MA~05~/PANI networks synthesized using \[ANI\]~0~ = 1 M were the only compositions studied in this work that exhibited a percolating nanofiber PANI morphology ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c), which has been previously associated with highly conducting hydrogel networks.^[@ref25]^ The impedance of Hep-MA~05~/PANI networks may be further reduced by controlling PANI morphology. Altering \[ANI\]~0~ impacts the self-assembly of PANI structures during polymerization.^[@ref54]−[@ref56]^ Poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPSA) can dope and template PANI into nanometer-scale electrically conductive nanostructures.^[@ref57]−[@ref59]^ Yoo *et al.* showed that the molecular weight of strongly acidic PAMPSA templates can influence PANI conductivity.^[@ref60]^ Parallel methodologies may be used to control the morphology and conductivity of PANI structures in Hep-MA networks.

![The morphology of secondary PANI networks formed from *in situ* polymerization of ANI as a function of \[ANI\]~0~. SEM images of Hep-MA~05~/PANI dual networks shown for the following values of \[ANI\]~0~ used during precursor loading: (a) 0.1, (b) 0.5, (c) 1.0, and (d) 2.0 M, respectively. The ratio of \[APS\]~0~ to \[ANI\]~0~ was kept constant at 1:8 for all Hep-MA~05~/PANI networks. \[ANI\]~0~ = 0.1 M produce (a) PANI oligomers in the subpercolation threshold. Increasing \[ANI\]~0~ produced continuous PANI networks, evident by percolating PANI structures in (b--d).](nn-2013-06019m_0010){#fig7}

*In Vitro* Biocompatibility of Heparin--Polyaniline Dual Hydrogel Networks {#sec2.4}
--------------------------------------------------------------------------

Hep-MA/PANI networks supported C2C12 murine myoblast adhesion and differentiation. Untreated pristine networks promote rapid adhesion and spreading of myoblasts within 24 h. This is likely due to the efficient physisorption of proteins on heparin-based networks.^[@ref61]^ Myoblasts proliferated to form a confluent layer within 3 days. Myoblasts were then differentiated into myotubes as indicated through the formation of elongated morphologies and the presence of myosin ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). Hep-MA~05~/PANI networks promoted cell adhesion without exogenous ligands. C2C12 cells cultured on both Hep-MA~08~/PANI and Hep-MA~10~/PANI networks exhibited comparable morphology before and after myotube differentiation ([Figures S7--S9](#notes-2){ref-type="notes"}). Myotubes differentiation was confirmed by the presence of myosin. Taken together, this class of heparin-based conducting hydrogels showed a promising cross-section of biocompatibility and physical properties for electrode materials as long-term *in vitro* tissue sensing and stimulation platforms.^[@ref12],[@ref62],[@ref63]^ Enzymatic degradation of primary heparin networks could also permit the fabrication of biodegradable conducting polymeric medical materials.^[@ref29],[@ref64],[@ref65]^

![Hep-MA~05~/PANI dual networks capable of promoting adhesion, proliferation, and differentiation of excitable cells. C2C12 myoblasts adhered to Hep-MA~05~/PANI substrates without the need for surface treatments and (a) proliferated into confluent monolayers after 3 weeks in proliferation medium (HS(−)). Fluorescent micrographs (Myosin, Rhodamine; F-actin, FITC; DAPI) of C2C12 myotubes after 5 days in differentiation medium (HS(+)) suggest that Hep-MA~05~/PANI substrates were permissive of C2C12 differentiation.](nn-2013-06019m_0011){#fig8}

Conclusions {#sec3}
===========

Hep-MA/PANI networks offer a unique combination of mechanical compliance and hybrid electronic/ionic conductivity. The redox behavior and projected DC conductivity (based on *Z*′(Re) of 600 Ω at ω = 0.01 Hz) is comparable to previous reports of conducting hydrogels.^[@ref28]^ Furthermore, Hep-MA/PANI networks exhibit ultracompliant mechanical properties and permit myoblast adhesion and differentiation. These collective properties of biologically derived primary heparin gels suggest that Hep-MA/PANI networks have strong potential for many biomedical applications. For example, these materials could be engineered to match the mechanical modulus of excitable cells for use as materials to monitor the long-term electronic activity of tissues while maintaining organotypic function. Photolithography can be used to fabricate microstructures composed of UV photo-cross-linkable heparins while maintaining feature fidelity. Compliant biologically derived conducting materials with improved environmental stability may be suitable for potential use as a material for ingestible electronics,^[@ref66],[@ref67]^ electroceuticals,^[@ref68]^ or energy storage.^[@ref31],[@ref69]^

Methods {#sec4}
=======

Synthesis and Characterization of Heparin--Polyaniline Dual Networks {#sec4.1}
--------------------------------------------------------------------

All materials were procured from Sigma-Aldrich (St. Louis, MO) and used as received unless otherwise stated. Aqueous solutions of heparin (0.2--10% w/w) were prepared using 5 M NaOH. Photo-cross-linkable heparin--methacrylate (Hep-MA) precursors were prepared by combining heparin (porcine source, *M*~w~ ∼ 17--19 kDa) incubated with methacrylic anhydride (MA) and adjusted to pH = 8. The degree of substitution (DS) of methacrylate groups covalently linked to heparin precursors was measured by ^1^H nuclear magnetic resonance (Bruker Avance 300 MHz, Billerica, MA). The DS was determined from integral ratios of peaks of the methacrylate groups at 6.2 ppm compared to peak corresponding to methyl groups in heparin at 2.05 ppm. Solutions used for photopolymerization were incubated with 2-methyl-1-\[4-(hydeoxyethoxy)phenyl\]-2-methyl-1-propanone (Irgacure 2959) to create final concentrations of 0.5% (w/w) of photoinitiator. Gels were photo-cross-linked using UV illumination for 30--60 min (λ~max~ = 365 nm, 10 mW/cm^2^, Blak-Ray, Upland, CA). The swelling ratio *Q* of Hep-MA gels was determined by gravimetry *via* the following expression where *W*~0~ and *W*(*t*) are the mass of networks before and after hydration:Hep-MA/PANI dual-networks were formed by sequentially incubating cross-linked Hep-MA hydrogels in aqueous solutions of ANI (\[ANI\]~0~, between 0.1 and 2 M, 10 min) and acidic solutions of APS (\[APS\]~0~, between 12.5 mM and 2 M, 20--120 min). The gel fraction of Hep-MA/PANI dual networks was recovered by washing in ddH~2~O (5×) after oxidative polymerization.

Mechanical and Morphological Characterization of Networks {#sec4.2}
---------------------------------------------------------

Compression tests were conducted (Instron 5943 equipped with Bluehill 3 software, Norwood, MA) using a 10 N load cell. A strain rate of 1 mm min^--1^ was applied to the sample until failure. The Young's modulus was calculated using the stress--strain slope between ε = 0 and 5% (*n* = 5). The storage and loss moduli of Hep-MA-based hydrogel networks, both with and without secondary PANI networks, were measured using a rheometer (HR-2, TA Instruments, New Castle, DE) operating at room temperature. A strain amplitude of 0.5% was used to ensure that hydrogel networks remained in the linear viscoelastic regime during measurements (*n* = 4). Hep-MA networks dedicated for SEM imaging were lyophilized for 24 h, coated with 4 nm of Pt (Emtech K575X, Quorum Technologies, Guelph, ON, Canada) and imaged (Philips XL-30 FEG, FEI, Hillsboro, OR).

Chemical and Electrical Characterization of Hydrogel Networks {#sec4.3}
-------------------------------------------------------------

Samples dedicated for structural characterization using FT-IR (64 scans, Mattson ATI Affinity 60AR, Fremont, CA) were prepared by drop-casting dilute solutions of dichloromethane on KBr windows. UV--vis spectra (PerkinElmer Lambda 900, Waltham, MA) were recorded for Heparin-MA and Hep-MA/PANI dual networks. The electrical conductivity of Hep-MA and Hep-MA/PANI hydrogel networks was measured by electrochemical impedance spectroscopy (EIS) at frequencies from 0.01 Hz to 100 kHz and an AC perturbation of 5 mV (VMP3, BioLogic Science Instruments, Grenoble, France). The impedance of Hep-MA/PANI hydrogels was measured using two-terminal stainless electrodes using a custom cell fabricated from PTFE. A swollen Hep-MA/PANI film in 1 M HCl solution (nominal sample surface area = 0.5 × 0.5 cm^2^) was inserted between two stainless current collectors to form a sandwich-like cell.^[@ref54]^ Hep-MA/PANI films synthesized at different \[ANI\]~0~ with identical dimensions were characterized by EIS for systematic comparison. Cyclic voltammetry (CV) curves were performed in 1 M H~2~SO~4~ solution using potentials between −0.2 and 0.8 V *vs* saturated calomel electrode (SCE) reference electrode at a sweep rate of 10--200 mV s^--1^ for multiple cycles. All electrochemical measurements were carried out using a multichannel potentiostat (VMP3, Biologic, Knoxville, TN). A three-electrode system was equipped with a working electrode (Hep-MA/PANI gels on glassy carbon (GC) electrode), a platinum counter electrode, and a saturated calomel electrode (SCE) as the reference electrode. GC electrodes (diameter = 3 mm, Gamry, Warminster, PA) were polished with diamond paste (successive sizes of 3, 1, and 0.25 μm) and washed with ddH~2~O and acetone before drying in air. Nafion 117 solution (5% w/w) was diluted 1:10 in ethanol (100%), coated onto GC electrodes, and allowed to air-dry. Hep-MA/PANI gels were dipped into the Nafion solution and then mechanically laminated to coated GC electrodes.

Cell Adhesion and Differentiation {#sec4.4}
---------------------------------

Cell culture supplies were acquired from Invitrogen (Carlsbad, CA) unless otherwise stated. Hep-MA/PANI gels were sterilized in 70% (v/v) ethanol for 2 h, washed three times with 1× PBS, and placed in a 24-well plate. Substrates were equilibrated for 24 h in proliferation culture medium composed of Dulbecco\'s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S). C2C12 myoblasts (ATCC, Monassas, VA) were seeded on Hep-MA/PANI gels (1 mL of 10^6^ cells/mL suspension) and grown in culture medium for 3 weeks until the substrates were approximately 80% confluent. Polystyrene control substrates were cultured for 3 days. Myoblast differentiation was induced by incubating cells in DMEM with 2% horse serum (HS(+)) and 1% P/S for 5 additional days. Myoblasts and differentiated myotubes were fixed in 4% formaldehyde for 20 min and stained as follows: 1° antibody, myosin mouse monoclonal antibody (clone MY32, Life Science Technologies, Grand Island, NY); 2° antibody, goat anti-mouse Alexa Fluor 546 (Life Science Technologies). F-actin was stained using 20 μL of Alexa Fluor 488 Phalloidin (200 U/mL) and counterstained with SlowFade Gold Antifade Reagent with DAPI. Fluorescent images were recorded using an EvosFL microscope (Advanced Microscopy Group, Bothell, WA).
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